Abstract The need to promote fertiliser use by African smallholder farmers to counteract the current decline in per capita food production is widely recognised. But soil heterogeneity results in variable responses of crops to fertilisers within single farms. We used existing databases on maize production under farmer (F-M) and researcher management (R-M) to analyse the effect of soil heterogeneity on the different components of nutrient use efficiency by maize growing on smallholder farms in western Kenya: nutrient availability, capture and conversion efficiencies and crop biomass partitioning. Subsequently, we used the simple model QUEFTS to calculate nutrient recovery efficiencies from the R-M plots and to calculate attainable yields with and without fertilisers based on measured soil properties across heterogeneous farms. The yield gap of maize between F-M and R-M varied from 0.5 to 3 t grain ha −1 season −1 across field types and localities. Poor fields under R-M yielded better than F-M, even without fertilisers. Such differences, of up to 1.1 t ha
under farmer (F-M) and researcher management (R-M) to analyse the effect of soil heterogeneity on the different components of nutrient use efficiency by maize growing on smallholder farms in western Kenya: nutrient availability, capture and conversion efficiencies and crop biomass partitioning. Subsequently, we used the simple model QUEFTS to calculate nutrient recovery efficiencies from the R-M plots and to calculate attainable yields with and without fertilisers based on measured soil properties across heterogeneous farms. The yield gap of maize between F-M and R-M varied from 0.5 to 3 t grain ha −1 season −1 across field types and localities. Poor fields under R-M yielded better than F-M, even without fertilisers. Such differences, of up to 1.1 t ha
greater yields under R-M conditions are attributable to improved agronomic management and germplasm. The relative response of maize to N-P-K fertilisers tended to decrease with increasing soil quality (soil C and extractable P), from a maximum of 4.4-fold to −0.5-fold relative to the control. Soil heterogeneity affected resource use efficiencies mainly through effects on the efficiency of resource capture. Apparent recovery efficiencies varied between 0 and 70% for N, 0 and 15% for P, and 0 to 52% for K. Resource conversion efficiencies were less variable across fields and localities, with average values of 97 kg DM kg −1 N, Using measured soil chemical properties QUEFTS over-estimated observed yields under F-M, indicating that variable crop performance within and across farms cannot be ascribed solely to soil nutrient availability. For the R-M plots QUEFTS predicted positive crop responses to application of 30 kg P ha −1 and 30 kg P ha −1 + 90 kg N ha −1 for a wide range of soil qualities, indicating that there is room to improve current crop productivity through fertiliser use. To ensure their efficient use in sub-Saharan Africa mineral fertilisers should be: (1) targeted to specific niches of soil fertility within heterogeneous farms; and (2) go
Introduction
Afrique-"Le développement ne se fera pas sans engrais" (Africa-"Development will not be achieved without fertilisers"-Le Courrier International on April 14 2006, quoting an African political leader prior to the Africa Fertiliser Summit held in June 2006 in Abuja, Nigeria). There is increasing agreement among the research, development and donor communities on the need to facilitate farmers' access to mineral fertilisers to improve agricultural productivity in sub-Saharan Africa. Fertilizers are regarded to be essential to tackle land degradation and food insecurity in densely populated regions such as western Kenya, where small landholdings prevent the practice of fallow to replenish soil fertility, and lack of communal rangeland limits the inflow of nutrients through livestock into the farm system. Currently, crop production in the region is strongly limited by soil N and P availability and the gap between the actual and the attainable yield of maize, the major crop in the area, may be as wide as 5 t grain ha −1 year −1 (Rutunga et al. 2003) . However, mineral fertilisers represent an important investment for farmers, particularly in remote areas with limited access to input markets-in Kenya transport costs often double the price of fertilisers in rural areas (IFDC 2003) . From both economic and environmental viewpoints, mineral fertilisers should be targeted strategically within the cropping systems to ensure efficient nutrient recovery and conversion into crop biomass and yield. The use of mineral fertilisers in much of subSaharan Africa has been promoted through 'blanket recommendations', i.e., recommendations based on regional soil surveying or on agroecological zoning that are specific for a given crop and area or soil type. (e.g. FURP 1994; Benson 1997) . A major problem with this approach is the fact that in many areas smallholder farms are spatially heterogeneous in terms of soil quality, and thus the potential effect of applied nutrients varies dramatically from field to field (as well as from season to season). Evidence for this variability between fields has been presented for cereal and legume crops in East , West (Wopereis et al. 2006 ) and southern Africa (Zingore et al. 2007 ). These studies highlighted important differences in nutrient recoveries from applied fertilisers between the various fields of individual farms, stressing the need to consider this heterogeneity when deriving fertiliser recommendation domains. But can the observed gaps between current and attainable yields be explained solely by soil nutrient deficiencies or poor fertiliser recovery?
Farm heterogeneity results from the inherent variation in soil types on the landscape plus the effect of historical land use and management practices in different fields within the farm. Reinforcing this variability, farmers often prioritise resource and labour allocation to their best yielding fields; hence fields with better soils are planted earlier, weeded more frequently, and cultivated with improved seeds and nutrient inputs (Tittonell et al. 2007a ). Biophysical and management factors, and their interactions at farm scale, affect both components of resource use efficiency-capture efficiency and conversion efficiency-thus contributing to the yield gap between maize yields obtained by smallholder farmers and yields attained under well-controlled conditions (e.g. in research plots). The factors that determine this yield gap also affect the response to fertilisers. Comparing farmer-and researcher-managed crops may give, therefore, a first indication of how management within smallholder farms influences yield gaps and what may be the room of manoeuvre to improve utilisation of nutrients.
The small amounts of mineral fertilisers that farmers can access should be targeted to niches of greatest crop responsiveness within heterogeneous farms. To contribute to this aim, our objectives were to analyse: (1) the impact of soil heterogeneity on the components of crop productivity and nutrient use efficiency that determine crop responses to N-P-K mineral fertiliser applications; and (2) the expected response of maize to mineral fertilisers on the basis of soil fertility indicators in smallholder farms of western Kenya. We focused on the major nutrient resources for crop production, N, P and K (water and other nutrients were not explicitly considered). The components of nutrient use efficiency analysed were thus: N, P and K availability, capture and conversion efficiency. We examined the range of variability in the values of these components within individual farms and across localities by re-analysing existing datasets from on-farm surveys and experiments in the region.
Materials and methods

System characterisation and analytical approach
The western Kenya region is one of the most densely populated areas of sub-Saharan Africa, due to large initial human settlements that were attracted by its high agroecological potential for crop production: a bimodal rainfall regime and relatively deep soils dominated by clay and loam textures, which were inherently fertile. Yet, there is ample sub-regional variability in rainfall/evapotranspiration regimes and soil-landscape types across western Kenya. The datasets that we used in this study included three sites in western Kenya: Aludeka division in Teso district (0°35′ N; 34°19′ E), Emuhaya division in Vihiga district (0°4′ N; 34°38′ E) and Shinyalu division in Kakamega district (0°12′ N; 34°48′ E). Gradients in altitude, rainfall, topography and soil types as well as differences in population density, ethnic groups, and access to markets and land use were observed between these sites, which encompass much of the variability found in the region (Table 1) .
In conducting our analysis we followed the conceptualisation of Trenbath (1986) : crop productivity results from the availability of biophysical resources such as light, water and nutrients, the ability of the crop to capture these resources and its capacity to convert them into biomass and grain yield, i.e.:Crop productivity ¼ resource availability Â resource capture efficiency Â resource conversion efficiency;where, resource capture efficiency represents the fraction of the total resource available that is intercepted/taken up by the crop, while the conversion efficiency represents biomass production per unit of resource taken up. For a given resource R the units are: kg dry matter ha
In the model of Trenbath (1986) the partitioning of the total crop biomass towards harvestable crop parts may be considered as an intrinsic component of the ); limited access to urban markets, important rural markets; main crops: maize/beans, fruit trees, sweet potato, local vegetables a According to the agroecological zoning of Kenya by Jaetzold and Schmidt (1982) conversion efficiency. Here, we considered the Harvest index as a separate component of crop productivity (expressed in grain yield units).
We examined the variability in each of the above crop productivity components across heterogeneous farms as affected, individually or simultaneously, by soil properties and agronomic management. This was done by focusing on nutrient resources and reanalysing two existing datasets: (1) one comprising maize yields, management variables and soil properties from farmer-managed (F-M) fields on 60 farms across the three sites mentioned above (Tittonell et al. 2005b) ; and (2) another one consisting of data from on-farm researcher-managed (R-M) experiments which were conducted to evaluate maize responses to N-P-K fertiliser applications in the same localities (and farms; Vanlauwe et al. 2006) . We then used the model 'Quantitative Evaluation of the Fertility of Tropical Soils' (QUEFTS- Janssen et al. 1990 ) to predict crop yields from information on actual soil fertility and recovery fractions of applied nutrients.
Datasets
Soil fertility and maize yields under farmer management (F-M)
This dataset consists of maize yields measured on farmers' fields with no intervention from researchers. We selected 20 case-study farms per locality (Table 1) , encompassing the socio-economic diversity of households, from a farm survey conducted during the long rains season of 2002. We walked through each farm along a transect together with the farmer and discussed each field in turn, aided by a map of the farm drawn by him/her. On the various maize fields identified on each farm we recorded the cultivar(s) used, the type and amount of inputs applied, the timing and sequential order of crop and soil management activities, the average yields obtained, weed infestation, and general crop husbandry practices (e.g. plant density). Maize yields were estimated on each field by non-destructive plant morphological measurements, using allometric models described by Tittonell et al. (2005a) . Topsoil (0-15 and 0-30 cm) samples were taken from each maize field and geo-referenced; samples were air-dried, sieved through 2 mm, stored at room temperature, and analysed for particle size distribution, organic C, total N, extractable P (Olsen), exchangeable K + , Ca 2+ , Mg 2+ and H + using standard methods for tropical soils (Anderson and Ingram 1993) . In total 159 observation points were generated containing F-M maize yields, management factors and soil fertility data (Tittonell et al. 2007b) . They are referred to as the farmer-managed (F-M) plots.
On-farm maize response to fertilisers under researcher management (R-M) This dataset consists of maize yields from experimental plots laid on a sub-sample of the farmers' fields that had been surveyed in the previous rainy season, and managed by researchers (R-M plots). At each locality, six farms were chosen out of the 60 farms previously surveyed to include farmers from different social status (two with respectively high, medium, and low access to resources) and gender. In each farm, three fields were chosen at different distances to the homestead (homefields, midfields, outfields), based on the analysis of resource allocation patterns and on farmers' opinions on the soil fertility status of the different fields. In each of the fields, five treatments were laid out on plots of 4.5×2.25 m, following a one-farm, one-replicate design: a no-input control, a fully fertilized treatment (100 kg N ha −1 , 100 kg P ha −1 , and 100 kg K ha −1 ), and three treatments with one of the major nutrients (N, P, or K) missing. The experiment was conducted during the short rains of 2002; a hybrid maize cultivar HB513 (medium-duration type) was grown, receiving fertiliser as urea, triple super phosphate, and muriate of potash. One third of the N fertilizer and the P and K fertilizers were applied broadcast on the entire plot and incorporated before planting. The plots were hoeweeded three times during the growing season. At the 5th week after planting, two thirds of the N fertilizer was top dressed by banding urea in the rows of maize. Topsoil (0-15 cm) samples were taken with an auger at eight sampling points (4 on each diagonal) per field from the three fields chosen within each farm, and analysed following standard methods (Anderson and Ingram 1993) . A summary of the soil characteristics across locations and field types is presented in Table 2 .
Maize was harvested about 15 weeks after planting; fresh and dry weights of and N, P and K contents in different plant parts were determined. Further details on this dataset were reported by Vanlauwe et al. (2006) .
The model QUEFTS
QUEFTS is a simple and robust tool, relatively undemanding of data, that has been applied to the evaluation of fertiliser requirements in the tropics (e.g. Witt et al. 1999; Pathak et al. 2003) . QUEFTS has been calibrated to estimate fertiliser requirements and grain yield of tropical maize in Kenya (Smaling and Janssen 1993) . Predicted yields using QUEFTS are an indication of attainable yields given the nutrient availability from soil and fertilisers; i.e., the effect of water availability or other 'management' factors are not considered. We used QUEFTS to analyse: (1) the variability in nutrient use efficiency caused by factors other than nutrient availability by calculating the extent to which QUEFTS-predicted maize yields deviated from those measured on-farm; and (2) the variability in crop responses to fertilisers that is caused exclusively by the availability of nutrients in the soil and their interactions across heterogeneous farms.
Overview
The model assumes that crop yield is a function of N, P and K availabilities (native soil supply + mineral fertiliser added) and their interaction. The model estimates grain yield through four calculation steps:
1. Quantification of the potential native soil supply of N (SN), P (SP) and K (SK) using soil chemical data or from crop nutrient uptake measured in nutrient-omission trials; 2. Estimation of the actual crop nutrient uptake (UN, UP and UK, respectively) as a function of the native soil supply of a nutrient plus the supply from chemical fertiliser taking a fertiliser recovery fraction into account; 3. Estimation of N-, P-and K-determined yield ranges as a function of calculated nutrient uptake and a cultivar-specific potential yield (Y max ), considering minimum and maximum internal N, P and K use efficiencies (i.e. the inverse of the crop-specific maximum and minimum N, P and K concentrations, respectively), leading to, respectively, minimum and maximum N, P and Kdetermined yields (YNA: yield at maximum N accumulation, YND: yield at maximum N dilution, etc.); 4. Estimation of the final yield by accounting for the interactions between N, P and K, i.e. as the average of yield estimates that are calculated for each possible pair of nutrients.
These four steps are described in detail in Janssen et al. (1990) . Here, we only present the equations for calculation of the potential soil supply of N, P and K, as they are explicitly referred to in some of our analyses: 
Where, soil organic C is expressed in g C kg −1 soil, extractable P in mg P kg −1 soil, exchangeable K in cmol (+) kg −1 soil, and fN, fP and fK are correction factors due to soil pH, calculated as:
Model parameterisation and simulations
First, we performed yield calculations with QUEFTS using the standard parameterisation from Smaling and Janssen (1993) for maize in Kenya, and soil characteristics from the survey of the F-M maize fields. The default values for the recovery fraction of applied N, P and K were 0.5, 0.1 and 0.5, respectively. Based also on the original parameterisation, the yield potential Y max was set at 10 t grain ha −1 , which is a reasonable value for the short rains in the highlands of Kenya (from the examination of the results of the R-M trials there was not enough evidence to assume a different Y max across the three sites of the study). The sensitivity of QUEFTS yield predictions to values of Y max ranging from 6 to 14 t ha −1 was analysed for N-P-K application regimes ranging from control (no fertilisers) to 300:300:300 kg ha −1 and using the default recovery rates. The relative partial sensitivity (RPS) was calculated as the ratio between the relative change in QUEFTS-predicted yield and the relative change in Y max .
Maize yields predicted by QUEFTS were compared with yields measured in F-M fields. Only the farmers' maize fields cultivated without nutrient inputs (no chemical fertilizer, no manure application) were considered. F-M fields receiving nutrient inputs were not used for model testing due to the poor reliability in the estimates of such inputs. Farmers do not always recall accurately the amounts of fertiliser they applied to their crops in the previous season. We then assessed the model's sensitivity to nutrient inputs (on F-M fields) by running it for a series of scenarios of combined N, P and/or K applications, each element at a rate of 100 kg ha −1 . Secondly, we calibrated QUEFTS using data from the R-M experimental plots by tuning capture efficiencies of applied nutrients within the range of recovery efficiencies calculated from the experimental data to minimise differences between model predictions and measured yields. With this new parameterisation QUEFTS was used to assess maize yield responses to application of P fertiliser (as P was observed to be the main limiting nutrient-see later) at a rate of 30 kg P ha −1 (30P) alone or in the presence of N fertiliser, applied at a rate of 90 kg N ha −1 (30P/90N)-the maximum rate for an economic response estimated in previous studies (FURP 1994) , and above the general minimum recommendation of 60 kg N ha −1 .
Data analysis and calculations
The yields from the on-farm experiments (R-M) were analysed through simple calculations of relative yield responses to fertilisers, nutrient capture and conversion efficiencies.
Relative yield responses to fertiliser applications were calculated as follows:
where, treatment X represents N-P, N-K, P-K or N-P-K fertiliser application. The apparent nutrient recovery (a proxy for nutrient capture efficiency) from fertilisers was calculated by comparing nutrient uptake between treatment and control. For instance, the apparent recovery of N in N-P-K treatments is calculated as:
where the rate of applied N, as well as P and K was 100 kg ha −1 for all treatments receiving nutrients.
ð3Þ ð7Þ
The efficiency of conversion of nutrients taken up by the plant into crop biomass was calculated as follows:
Conversion efficiency of nutrient X ¼ total aboveground biomass= total uptake of nutrient X; ð9Þ where, the total aboveground biomass is the sum of grain plus stover biomass, expressed on a dry weight basis. The conversion efficiencies for N, P and K have the units: kg DM kg N −1 , kg DM kg P −1 , kg DM kg K −1 taken up by the crop, respectively. The uptake of nutrients was calculated from measurements of N, P and K contents in grain and stover biomass (roots were not considered).
Regression analysis and analysis of variance (ANOVA) were performed using Genstat 8. To evaluate the accuracy of the QUEFTS model predictions, regression analysis was performed between the predicted and the measured yields and the total difference was calculated as the root mean square error, RMSE.
Results
Magnitude of yield gaps
Maize yields under farmer management (F-M) differed significantly across localities (P=0.002), with averages of 1.1, 2.0 and 1.9 t ha −1 for Aludeka, Emuhaya and Shinyalu, respectively. At each locality the average yields under F-M were significantly larger (P<0.001) in fields receiving organic and/or mineral nutrient inputs (the average standard error of the differences was 0.23 t ha
), irrespective of their application rate, and there was no significant interaction between input use and locality (Fig. 1a) . The average yields under F-M also decreased significantly from the home-to the outfields (P<0.001) in all localities (the interaction locality x position within farm was not significant; Table 3 ). Yields on the same field plots but under researcher management (R-M) were larger than under F-M, both for the control (without fertilizer) and the fully fertilised treatments. Yields under R-M did not vary significantly across localities (P=0.058) on the control subplots; however, they differed significantly (P<0.001) when full rates of mineral N-P-K fertilisers were applied, with averages of 4.3, 4.0 and 2.8 t ha −1 for Aludeka, Emuhaya and Shinyalu, respectively. Conversely, while yields on R-M control plots within each locality decreased with the distance from the homestead (P<0.01), they did not differ significantly when N-P-K fertilisers were applied at full rate. At this scale of analysis, these results suggest that: (1) improved crop management under R-M contributed to reduce the gap between potential and actual yields even when fertilisers were not applied (control plots), reducing differences across localities; and that (2) N-P-K fertiliser applications at full rate (100:100:100 kg element ha −1 ) contributed to erase or minimise yield differences between different fields of the farm. Maize yields under F-M were larger in Emuhaya and Shinyalu than in Aludeka, while yields in Aludeka were larger than for the other localities under R-M, especially when fertilisers were applied. The gap between the average yields under F-M (irrespective of nutrient input use) and the yields under R-M with full N-P-K was as wide as 3 t ha −1 across all field types in Aludeka (Fig. 1b) , while it was narrower and tended to increase with distance from the homestead in Emuhaya and Shinyalu. Shinyalu is a higher and somewhat cooler locality (cf . Table 1) , where the short rains season is considered marginal for maize production and many farmers leave the fields as short fallow, use them for grazing or plant short cycle crops such as beans (Tittonell et al. 2005b ). In Aludeka, maize is a relatively new crop that increasingly is replacing other staple food crops such as sorghum or cassava; yields were virtually doubled simply by the effect of improved agronomic management in this locality, as evidenced by the yield gap between average yields under F-M and yields in non-fertilised control plots under R-M (Table 3) . The yield gaps between the average yields under F-M and reference maize yields of fully fertilised crops from onstation trials (FURP, 1994- and Shinyalu, respectively), indicating a large potential for improving actual crop productivity.
Management-induced heterogeneity and its effect on crop responses
Crop production on the same field plots under F-M (with and without nutrient inputs) or under R-M without fertilisers tended to increase with increasing soil organic C (r 2 =0.21 and r 2 =0.10, respectively; P<0.01) but not on plots receiving full NPK under R-M (r 2 =0.02; P<0.01; Fig. 2a ). Soil organic C is used as a proxy for soil fertility. While native soil N availability is normally positively correlated with soil organic C due to the largest proportion of N being in an organic form in the soil, P availability (i.e. Olsen-extractable P) may also be related to soil C but through the management history of the fields. In smallholder farms in the region fields closer to the homesteads receive P inputs (through e.g. ash, animal manure or sporadic fertiliser use) together with C inputs (e.g., manure, household waste). This also leads to larger biomass yields and, thus, larger C inputs to the soil if crop residues are not removed after harvest. Due to such management-induced co- Table 3 Average and range of variation of maize grain yields (t ha variation, soils with less than 10 g kg −1 of organic C had extractable P values below the indicated threshold of 10 mg kg −1 -[quadrant (2) in Fig. 2b ], whereas soils with larger organic C content might have high [quadrant (1)] or low [quadrant (3)] availability of P. Such a positive relationship between soil C and P availability was also observed for a set of c. 600 samples from western Kenya (Tittonell et al. 2007b ). When mineral P fertilisers are applied alone, fields in quadrant (1) are expected to respond weakly due to relatively good availability of P, fields in quadrant (2) may show little response to P if mineral N fertilisers or manure are not simultaneously applied, while fields in quadrant (3) are expected to show the strongest response to sole P applications.
In R-M plots, the relative grain yield response to full N-P-K fertiliser applications (Eq. 7) tended to decrease for soils with higher organic C and extractable P contents in all localities (Figs. 3a and b) . Such a pattern was mostly explained by the application of N and P, as the relative yield increase induced by combined N-P applications showed similar trends as for N-P-K (Figs. 3c and d ). When either P (combined N-K application) or N (combined P-K application) was removed, somewhat larger responses were observed for soils of intermediate fertility in terms of C and P within each site (not shown). Yield increases with N-P-K were slightly larger than with N-P only in Emuhaya, indicating some degree of yield limitation by K availability in those soils. Substantial yield responses to any of the nutrient combinations in the applied fertiliser were only observed across localities in soils with extractable (Olsen) P less than c. 10 mg kg −1 -a trend that has been previously observed across 18 sites in Kenya (Schnier et al. 1997 ). However, yield responses to N-P-K and N-P in these fields were also often negligible (Figs. 3b and d) . Such variability in the response to fertilisers is related to the efficiency with which the crop captures the available nutrients and converts them into biomass. In the following section, we examine the range of variability of the components of resource use efficiency underlying variability in crop yields and their response to fertilisers.
Nutrient availability and utilisation across heterogeneous farms
Following the logic outlined in "System characterisation and analytical approach," nutrient-limited crop yields are the result of nutrient availability, nutrient capture efficiency and nutrient conversion efficiency. In the following paragraphs we examine the variability in soil N-P-K availabilities (i.e., prior to fertiliser addition), apparent N-P-K recovery efficiencies (proxies to N-P-K capture efficiencies from applied fertilisers) and N-P-K conversion efficiencies (the inverse of their concentration in crop biomass) within the farms sampled across the three localities.
Soil nutrient availability
The potential soil supply of N, P and K was estimated for all R-M fields using Equations 1, 2 and 3 (SN, SP ) plotted against soil organic C. b Measured soil extractable (Olsen) P plotted against measured soil organic C in all F-M and R-M fields prior to the experiment and SK, respectively) and plotted against N, P and K uptake in grain as measured in the control and in the PK, NK and NP plots, respectively (Figs. 4a, c and e). SN, SP and SK were also plotted against measured soil properties in Figs. 4b, d and f together with the measured uptakes of N, P and K in grain and in total aboveground biomass (grain + stover) in the PK, NK and NP plots, respectively. SN was in most cases larger than the measured uptake of N in grain (Fig. 4a) , which would suggest either an incomplete uptake of soil available N or that a large part of the N taken up remained in the stover. SN was closer to the uptake of N in grain on PK plots (grey circles) at the lower end of the range of total soil N, but closer to the actual uptake of N in total aboveground biomass (crosses) at higher soil N values (Fig. 4b) . The uptake of P and K on the control and on the NK and NP plots, respectively, was generally greater than the estimated soil supply of these nutrients, and much lower than the uptake of P and K in total aboveground biomass (Figs. 4c-e) . Earlier work using these equations to calculate of soil N, P and K supply suggested also that the actual uptake measured on zero-input plots, or even grain yields on those plots (assuming average nutrient concentrations in grain) could be better used to estimate indigenous soil nutrient supply (Dobermann et al. 2003) .
The actual uptake of N, P and K measured in total aboveground biomass decreased significantly from the home-to the outfields (Table 4) , following the trends in maize yields on the control plots (cf .  Table 3) , and the average soil nutrient concentrations of the different fields (cf. Table 2 ). For the average maize grain yield in western Kenya of 1.1 t ha −1 (e.g.
Hassan 1998) and average harvest index of 0.36 (as measured in the F-M fields), total aboveground biomass production corresponds to about 3 t ha −1
(1.1/0.36=3). Assuming N, P and K conversion efficiencies (under balanced nutrient uptake) of 88, 319 and 97 kg of dry matter per kg of N, P or K taken up by the crop, respectively (Nijhof 1987 ), a maize crop requires 34.1 kg N ha −1 , 9.4 kg P ha −1 and 30.9 kg K ha −1 to produce 3 t ha −1 of aboveground biomass. According to the calculated SN, SP and SK maize production in our case study farms would be most often limited by P and K availability, with only a few points above the required N and P uptakes, whereas the required uptake of N would be met in soils with organic C > about 10 g kg −1 (Fig. 4b ).
These conclusions, however, are not supported by the actual N, P and K uptakes measured in the R-M experiment, which indicate a much larger soil supply of these nutrients.
Nutrient capture efficiency
The apparent recovery efficiencies of applied N, P and K (Eq. 8) were calculated using data on nutrient concentrations in grain and stover from the R-M onfarm experiments (Table 4 ). The recovery efficiencies of the applied nutrients varied widely and were affected by the type and combination of nutrients applied and by the position of the field within the farm. No significant effect of locality, and no Relative yield responses (yield increase relative to control plots) to combined N-P-K and N-P mineral fertiliser applications at rates of (100 kg N ha −1
, 100 kg P ha −1 and 100 kg K ha −1 ) in a nutrientomission trial conducted on 18 farms from Aludeka, Emuhaya and Shinyalu divisions in western Kenya (i.e., the on-farm R-M experiment). Relative responses plotted against soil organic carbon (a, c) and soil extractable P (b, d) significant interaction locality × position within the farm were observed for any of the variables. The overall average recovery efficiencies across localities, positions within the farm and fertiliser applications (i.e. the grand means) were 0.40, 0.06 and 0.26 for N, P and K, respectively. For N and P, these values are close to those used as default in QUEFTS (0.5 and 0.1, respectively-Smaling and Janssen 1993). The maximum values for N recovery efficiencies (c. 0.6 to 0.7) were measured on R-M fields that received the full rate of N-P-K fertilisers (Table 4) . In Emuhaya and Shinyalu, the N recovery efficiency was lower when no P was applied (i.e. for N-K combinations). Across sites, P recovery was generally poorer when no N was applied (i.e. for P-K combinations), while K recovery was affected by both N and P, as both N-K and P-K combinations on average led to lower efficiencies than N-P-K.
Nutrient conversion efficiency
N, P and K conversion efficiencies (Eq. 9) were calculated from nutrient concentrations and biomass measurements on R-M fields (Fig. 5, Table 5 ). The theoretical minimum and maximum N, P and K conversion efficiencies (i.e. their maximum concentration and dilution within the plant) as calculated from reference nutrient concentrations given by Nijhof (1987) , are indicated by the lines in Figs. 5a-c. These theoretical values encompass reasonably well the variability in observed nutrient uptake and aboveground biomass yield on the R-M plots. While measured N and K conversion efficiencies were closer to their maximum theoretical concentrations in the plant (Figs. 5a and c) , P was often more diluted, with values closer to its minimum theoretical concentration (Fig. 5b) . In general, the conversion efficien- F Fig. 4 a, c and e Uptake of N, P and K in grain in the control and in fertilised plots versus the soil supply of N, P and K (SN, SP and SK, respectively) calculated using the formulas of QUEFTS (Eqs. 1, 2 and 3 in the text- Janssen et al. 1990 ) for all the fields included in the nutrientomission experiment. b, d and f SN, SP and SK (black dots) plotted against measured total soil N, extractable P and exchangeable K content in the topsoil of the experimental fields before the experiment, together with N, P and K uptake in grain (grey dots) and total aboveground biomass (stars) in plots receiving fertilisers cies of N, P and K were less variable across localities, fields and fertilisation treatments than the corresponding recovery efficiencies (cf . Tables 4 and 5 ). The overall average conversion efficiencies across localities, positions within the farm and fertilisation treatments were 97 kg DM kg −1 N, 558 kg DM kg −1 P and 111 kg DM kg −1 K taken up. The average N, P and K conversion efficiencies were significantly (P <0.05, 0.01 and 0.01, respectively) larger in Emuhaya than in the other localities, and nutrients tended to be on average more diluted in the crop biomass on control plots than on fertilised plots. N and P uptake and their conversion efficiencies (Figs. 5a and b) are within similar ranges as those measured for maize in on-farm experiments conducted on clayey and sandy soils in Zimbabwe (Zingore et al. 2007) , including different positions within the farm and different rates of mineral N and P and manure applications. In the Zimbabwean case, however, N and P concentrations were somewhat closer to their maximum (more concentrated) than in this case.
Predicting maize yields from soil nutrient availability
Yields on F-M plots were first contrasted against yields predicted by QUEFTS for the same plots.
Results are illustrated in Fig. 6 only for Aludeka, where two highly contrasting soil types known locally as Apokkor (clay loam) and Assinge (sand loam to sand) coexist, and only the yields on the F-M plots that did not receive nutrient inputs are considered. Maize yields on F-M plots without nutrient inputs were poorly predicted by QUEFTS (r 2 =0.22, RMSE=0.53 t ha −1 ) for Aludeka (Fig. 6a) , as well as for the other localities (Emuhaya, r 2 =0.29, RMSE= 1.8 t ha −1 ; Shinyalu, r 2 =0.05, RMSE=1.7 t ha −1 ).
The model was however sensitive to differences in fertility between the two soil types (Fig. 6b) . The simulated N-P-K applications (100:100:100 kg element ha
) indicated strong response to N and secondarily to P, in agreement with previous observations in the vicinity of Aludeka (Alupe Experimental Station-FURP 1994), and maximum yields which were within the range of the maximum yields measured in F-M fields in Aludeka (cf. Table 3 ).
The estimated average gap between yields measured under F-M and QUEFTS-predicted yields under full N-P-K was 2.9 and 2.5 t ha −1 for Apokkor and Assinge soils, respectively (Fig. 6b) . The responses to applied nutrients predicted by QUEFTS are affected by the value of the yield potential (Y max ) that is inputted as parameter. In this case, however, the Table 4 Average N, P and K uptake by maize on the control plots (without fertilizers) and apparent N, P and K recovery fractions for different combinations of mineral fertilizer applications measured on the R-M plots . Due to severe nutrient limitations for maize in the soils of our study the N-, P-and Klimited maize yields calculated by the model remained far below Y max for the application rates tested in this study, and therefore the model was not sensitive to this parameter.
The lack of agreement between QUEFTS-predicted and observed yields in Fig. 6a is not surprising, given the various sources of variability that affect maize production under F-M. Observed maize yields under F-M without fertilisers tended to increase with increasing soil organic C and available P (Figs. 5c  and d) , whereas late planting and sparse plant population densities led to poorer yields (Figs. 5e and f). Maize yields predicted by QUEFTS tended to follow similar trends with respect to these soil fertility and management factors (the lines fitted to the QUEFTS-predicted maize yields had r 2 values of 0.40 for soil C, 0.12 for available P, 0.45 for delay in planting and 0.16 for plant density). While it is expected that QUEFTS predicts larger yields for soils with higher C and P contents, the trends in predicted yields with agronomic management variables are not directly related to the basis of the model (i.e. planting dates and plant density are not considered as parameters in QUEFTS). The reason for the simulated patterns is the fact that soil fertility and management decisions are correlated; e.g. farmers plant earlier and with a higher plant density on the more fertile fields.
Subsequently, we used QUEFTS to explore the yields that could be attained with fertiliser applications on the R-M plots. QUEFTS-predicted yields were contrasted against measured ones. The root mean squared error (RMSE) between predicted and measured yields were rather large (e.g., RMSE control = 1.53 t ha −1 ; RMSE NPK =2.83 t ha −1 ) in relation to the average yields measured (cf . Table 3 ) when the default values for fertiliser recovery efficiencies were used. The calculations were re-done using the fertiliser recovery efficiencies that we observed as model input (cf . Table 4 ) and the prediction of yields with fertiliser improved (e.g., the new RMSE NPK = 1.88 t ha −1 ). With this new parameterisation, we used QUEFTS to calculate grain yields with application of 30 kg P ha −1 and 30 kg P ha −1 plus 90 kg N ha −1 (Fig. 7) . The response to 30 kg P ha −1 increased with increasing soil C, as evidenced by steeper slope of the trend lines describing simulated grain yield with The relationship between crop N, P and K uptake and aboveground biomass yield measured in all plots of the on-farm R-M experiment. Upper and lower boundary lines indicate the physiological maximum dilution and concentration of each nutrient in plant biomass (Nijhof 1987 ) −1 compared with the control in Fig. 7 . This is in agreement with the observed relationship between soil C and available P (cf. Fig. 2 ), which points to the existence of non-P-responsive and Presponsive fields. When P was added in combination with N, yields increased also on plots with <10 g kg
of soil organic C, and the distribution of yields against soil C was more dispersed (r 2 =0.31). According to these model predictions, there is room to increase maize yields of poor fields by combined application of N and P fertilisers.
Fertiliser/maize price ratios As reference for the interpretation of fertilizer use efficiencies and maize responses presented in the previous sections, we calculated the fertilizer/grain price ratio (i.e., the kg of grain necessary to buy 1 kg of fertilizer), using varying wholesale and retail prices for calcium ammonium nitrate (CAN) fertilizer and maize grain, based on prices from market surveys in western Kenya (Table 6 ). The most favorable ratio (of 2.2 kg grain to pay for each kg N) could be achieved by 'wealthier' farmers who produce maize surplus that can be sold locally (retail price) in times of food scarcity and who can buy a full 50 kg-bag of fertilizer from (often distant, semi-) urban markets at more convenient prices. The worst ratio (17.6 kg grain to pay for each kg N) is often faced by most farmers in remote rural settings, when cash needs force them to sell their maize at the lowest price immediately after harvest (and to buy maize at other times of the year), and when small amounts of fertilizers are bought from local retailers (also often the wealthiest farmers in the community) at high prices. Such inequalities imply that fertilizer use is 8 times more profitable for wealthier than for poorer farmers. 
Discussion
The application of mineral fertilisers tended to narrow the differences in average maize yields across the various fields of the farms (from the home-to the outfields) included in the on-farm experiments in three localities of western Kenya (cf. Table 3 ). One of the most striking results observed in this study, however, was the gap between the average yields under farmers' management (F-M)-with or without nutrient inputs-and the average yields on researchermanaged (R-M) control plots without fertilisers. Experimental R-M plots were planted early in the season, with proper plant population densities, early weeding and pest/disease control, and using hybrid seeds. These management practices sufficed in several cases to more than double maize yields with respect to those attained by farmers. Maize yields under R-M were further increased in about 1 t ha −1 with respect to the control with application of N-P-K mineral fertilisers. Under F-M, the difference in average maize yields between plots receiving or not nutrient inputs ranged between 0.4 and 1.1 t ha −1 , irrespective of the type and amount of inputs used (Fig. 1) . This means that the average yields with nutrient inputs under F-M were below or at the same level as those on R-M control plots without fertilisers (cf. Fig. 1 and Table 3 ). The above observations imply that the promotion of mineral fertiliser use in smallholder farming systems should go hand-in-hand with the implementation of measures to improve fertiliser use efficiency. We observed a wide variability in nutrient recovery 
)
Extractable P (mg kg (Fig. 3) . The apparent recovery of P and K applied in fertilisers was as low as 1-3% in several cases (Table 4) . The recovery or capture of applied and indigenous soil nutrients are often affected by resource imbalances (Kho 2000) , as when, for example, lack of P limits plant growth and prevents uptake of applied N or K. Poor capture and utilisation of available nutrients leads to wide yield gaps for maize in western Kenya. Yields measured earlier in on-station trials were still 2 to 3 t ha −1 larger than those measured in NPK plots under R-M (the yields from on-station trials presented in Table 3 were reported for a different growing season and presumably using different maize cultivars, which may contribute to widening or narrowing the actual yield gaps). At the other extreme, fertile fields such as the home gardens may also be poorly responsive to applied fertilisersa case of 'saturated soil fertility' (Janssen and de Willingen 2006; cf. Fig. 3 ). Fertiliser recommendations should be fine-tuned to target soil fertility 'niches' within heterogeneous farms, differentiating responsive fields where mineral fertilisers are likely to be more efficiently used from non-responsive fields that may need long-term rehabilitation through organic matter management. Larger yields achieved with fertilisers use may result in greater C and nutrient inputs to the soil through crop residues (when they are not removed from the fields after harvest) and roots, contributing to the build up of soil organic matter in the long term. Improved water capture through more infiltration and less run-off and erosion, improving water and nutrient holding capacity through increasing organic matter in sandy soils, improving availability of applied and native soil nutrients through pH correction, and improved cultivars and agronomic management (e.g., early planting, weeding, etc.) are measures that can contribute to improve baseline crop productivity and the response to fertilisers, impacting mostly on their recovery efficiency. Animal manure is a key nutrient resource used by farmers with cattle in western Kenya (Waithaka et al. 2006) , and their limited amounts available to fertilise crops would be more efficiently used in combination ; 30 P + 90 N=30 kg P ha −1 plus 90kg N ha −1 ) using QUEFTS with N, P and K recovery efficiencies as measured in the experiment; predicted yields plotted against soil organic C. The trend lines correspond to control (solid line), 30 P (dashed line) and 30 P + 90 N (dot-dashed line). The vertical dotted line indicates the threshold of 10 g kg −1 of soil C with mineral fertilisers. Several examples in the literature report complementarities and/or synergies between both resources translating in larger crop responses (e.g. Bationo et al. 2006; Tittonell et al. 2008) . Fine-tuning fertiliser recommendations requires a framework for communication between researchers, extension agents and farmers. Soil heterogeneity must be categorised and each category of soil fertility status must be easily recognisable. Approaches based on local soil quality indicators (e.g. Barrios et al. 2006) are sometimes useful but difficult to generalise across agro-ecological zones. The use of local soil classification faces the same type of scale-related limitations as the use of soil maps or agroecological zones (e.g., Smaling et al. 1992) , since different local soil names normally identify inherently different soil types (e.g. Ingusi and Oluyekhe are names used for red clayey and brown sandy soils in Emuhaya- Tittonell et al. 2005b ) without considering the current fertility status of the soil units. Farmers often classify their fields into fertile and infertile based on their own experience about past and present crop productivity, history of management and land degradation events (e.g. Mairura et al. 2007) . Their criteria were also used in the selection of fields in which the R-M experimental plots were established (Table 2) .
Farmers' soil quality classes often reflect differences in the current content of organic matter in the soil, which is the result of inherent soil properties (e.g. texture) and management history (e.g. use of animal manure, years under cultivation/fallow, etc.). They may, however, not discriminate between P (and/ or K) responsive and non-responsive soils. Our study indicates that soil organic C and available P co-vary within farms as induced by farmers' management practices (Fig. 2) . A simple framework, based on the contents of organic carbon and available P in the soil, categorises fields that may be: poorly-responsive fertile fields [quadrant (1)], poorly-responsive infertile fields [quadrant (2)], and responsive medium-fertile to infertile fields [quadrant (3)]. Such patterns of responsiveness to applied fertilisers were observed earlier in on-farm experiments conducted in Zimbabwe (Zingore et al. 2007) , where the differences in crop responses across fields were larger due to the coarser texture of the soils. Simple modelling tools such as QUEFTS may be useful for exploring responses to fertilisers across heterogeneous farms (Fig. 7) . However, considering only soil nutrient availability and soil chemical properties does not seem to suffice for predicting on-farm crop responses to applied fertilisers (Fig. 6) , due to the number of other factors affecting crop yields in farmers' fields that are not considered in the model (e.g., water availability, weed competition, intercrops, use of organic nutrient sources, etc.).
Across the various agro-ecological zones of western Kenya smallholder farms are highly heterogeneous and socially diverse. Fertiliser recommendations should then be tailor-made to target such variability. Farmers of different social status may access fertilisers at different actual prices (cf. Table 6 ), implying that the risk of the practice of fertilisation is much larger for poorer farmers. Ojiem et al. (2006) developed the concept of 'socio-ecological niches' for the integration of legumebased technologies in smallholder farming systems of western Kenya. Opportunities for different technology options including fertilizer use can be represented as a multi-dimensional space (niche) delimited by several criteria, which include farmers' production objectives, characteristics of the biophysical and socio-economic environments, and various locality-specific and organisational support factors, e.g. market development, technology support services. The latter two are major factors constraining the adoption of fertiliser-based technologies in western Kenya (Barrett et al. 2002) . In view of the limited support provided by agricultural extension services, market accessibility and (transaction) costs, and the large variability in crop responses to fertilisers that can be expected in heterogeneous farms (cf. Figs. 3a-h ), the limited use of mineral fertilisers currently observed in smallholder farms of western Kenya (e.g. an average of 20 kg N ha −1 for fields that do receive fertilisers- Tittonell et al. 2005b ) is therefore not surprising.
Conclusions
The gap between attainable and actual maize yields in western Kenya, which is partly demonstrated by the yield gap between farmer-and researcher-managed plots, is associated with generalised poor resource use efficiency on farmers' fields. Resource use efficiencies are highly variable within and across heterogeneous farms, as a result of soil variability and farmers' management decisions, affecting crop responses to applied nutrients. Of the two components of nutrient use efficiency: capture and conversion efficiency, the former varies more broadly across fields, farms and agro-ecological zones. The major limitation to maize production in western Kenya, however, is not resource use efficiency but resource availability, and improving the availability of one resource may improve the utilisation of others. However, improving agronomic management reduced the gap between fertilised and non-fertilised maize crops substantially. Targeting mineral fertilisers to narrow the current yield gaps demands going beyond 'blanket recommendations', and considering the current heterogeneity in soil fertility status, resource use efficiency and crop response to fertilisers within smallholder farms. Poor crop responses to fertiliser applications discourage their adoption among farmers, for whom the transaction costs of fertilisers use may often render the practice too risky. Thus, paraphrasing the conclusions from the Abuja Fertiliser Summit, if the heterogeneity and diversity of smallholder farming systems are not recognised and embraced within fertiliser recommendations in subSaharan Africa, 'development will be hard to achieve even with fertilisers'.
